Escherichia coli represents a group of antioxidant enzymes that are widely distributed in pathogenic bacterial species and which belong to the peroxiredoxin (Prx) family. Bacterial Tpxs are unique in that the location of the resolving cysteine (C R ) is different from those of other Prxs. E. coli Tpx (EcTpx) shows substrate specificity toward alkyl hydroperoxides over H 2 O 2 and is the most potent reductant of alkyl hydroperoxides surpassing AhpC and BCP, the other E. coli Prx members. Here, we present the crystal structure of EcTpx in the oxidized state determined at 2.2-Å resolution. The structure revealed that Tpxs are the second type of atypical 2-Cys Prxs with an intramolecular disulfide bond formed between the peroxidatic (C P , Cys
Peroxiredoxins (Prxs) 1 are a large, diverse, and ubiquitous family of antioxidant enzymes. Prxs reduce deleterious H 2 O 2 or alkyl hydroperoxides utilizing the thiol group of a cysteine residue (1, 2) , and in some cases are involved in the decomposition of highly toxic peroxynitrite (3) . Some Prxs also control cytokineinduced peroxide levels that mediate redox-sensitive signal transduction (2, 4 -6) . All Prxs, belonging to the thioredoxin-fold superfamily, contain a conserved peroxidatic Cys (C P ) in the N-terminal portion and share the same peroxidatic active site structure (7) . The C P residue is oxidized by peroxides to a cysteine sulfenic acid (C P -SOH) intermediate. Prxs are classified into either the 2-Cys or 1-Cys types, based on whether they contain the resolving Cys (C R ) residue or not. In 2-Cys Prxs, the C P -SOH and C R -SH react and form a disulfide (C P -S-S-C R ). The stable disulfide form is then reduced by one of several cell-specific disulfide oxidoreductases (e.g. thioredoxin (Trx), tryparedoxin, AhpD, or AhpF), completing the catalytic cycle (2, 7) . Unlike the 2-Cys Prxs, the catalytic mechanism of 1-Cys Prxs still remains to be elucidated (8, 9) . The 2-Cys Prxs have been further subdivided into either typical or atypical types depending on the location of the C R residue. In typical 2-Cys Prxs, the C P -SOH reacts with the C R residue located in the C-terminal arm from the other subunit of the antiparallel (␣ 2 ) homodimer, resulting in two symmetrical active sites per dimer (10 -13) . In contrast, the C R residue in atypical 2-Cys Prxs resides within the same subunit (14, 15) .
Thus far, seven crystal structures have been reported for the Prx members in various redox states. The structures of rat PrxI (HBP23) (10) and Salmonella typhimurium AhpC (StAhpC) (13) were determined in the oxidized state with a disulfide bond. The remaining structures were determined in states that do not contain a disulfide. They include human PrxV (15) , Crithida fasciculate TryP (12) and StAhpC (16) , all in the reduced (C P -SH or Ser-OH in StAhpC) state, human PrxII (TPxB) (11) in the overoxidized sulfinic acid (C P -SO 2 H) state, and human PrxVI (hORF6) (8) in the C P -SOH state. PrxV and PrxVI are atypical 2-Cys and 1-Cys Prxs, respectively, while the others (AhpC, PrxI, PrxII and TryP) are typical 2-Cys Prxs. Among these, only the structure of StAhpC has been determined in both the reduced and oxidized states (13, 16) . Structural studies on Prxs, especially those of the typical 2-Cys type, have yielded valuable insights into their modes of action in detoxification or signaling.
Crystal structures revealed that the five-residue segment containing the C P residue, referred to as the C P -loop, exists in two stable conformations depending on the redox states of Prxs (7) . The C P -loop adopts a fully folded (FF) conformation forming the first turn of a long ␣-helix in all non-disulfide forms, whereas it is locally unfolded (LU) from the ␣-helix in the disulfide forms. These structural data suggest that the following sequence of events occurs during a catalytic cycle of typical 2-Cys Prxs. First, the reduced Prx in an FF form reacts with the peroxide to become a C P -SOH intermediate still in FF. Then a local unfolding of the C P -loop and a concomitant conformational change of the long C-terminal arm of the other subunit occur for the C P -SOH and C R -SH to react and form a disulfide bond. Finally, the exposed disulfide in an LU form reacts with the reductant to regenerate the reduced Prx in an FF form. In the typical 2-Cys Prxs, the homodimers assemble into toroid-shaped ((␣ 2 ) 5 ) decamers when reduced or overoxidized, whereas the decamers dissociate into dimers when oxidized (11, 13) . Wood et al. (13) found that the C P -loop disrupts the interfacial interactions between adjacent dimers when it adopts the LU form, and suggested that the C P -loop acts as a molecular switch responsible for redox-dependent oligomerization. From structural data, they could also clarify the origin of different sensitivities to oxidative inactivation between the prokaryotic (much less sensitive) and eukaryotic 2-Cys Prxs. They identified two sequence motifs unique to the eukaryotic Prxs and suggested that these motifs act as a molecular switch that determines whether H 2 O 2 acts as a deleterious oxidant or beneficial signal in eukaryotes (16) . Contrary to the case of typical 2-Cys Prxs, structural data for the atypical 2-Cys Prxs are scarce and the structure of the reduced PrxV is the only one available at present.
Escherichia coli has three Prx family members of peroxidases that are highly diverged from one another. They include the periplasmic thiol peroxidase (Tpx, p20, scavengase) (17, 18) and a weakly active bacterioferritin-comigratory protein (BCP) (19) , and the alkyl hydroperoxide reductase peroxidase component (AhpC) (20) . Both Tpx and BCP specifically require Trx as a reductant, while AhpC requires AhpF. E. coli proteomics studies showed that, during the growth phase in minimal media and without induction by H 2 O 2 , Tpx (ϳ1.6 M) is 3.5-fold less abundant than AhpC, and 2.5-fold more abundant than BCP (21) . Homologues of E. coli Tpx (EcTpx) are widely distributed in both Gram-negative and Gram-positive eubacterial species, most of which are pathogenic (22) . EcTpx has three Cys residues (Cys 61 , Cys 82 , and Cys 95 ), among which Cys 61 was identified as the C P residue earlier (23) . Other Cys residues do not align with the C R residues of other 2-Cys Prxs. Very recently, Baker and Poole (24) firmly established Cys 95 as the C R residue. They confirmed the formation of an intramolecular disulfide bond, but did not explicitly describe Tpx as an atypical 2-Cys Prx probably because the location of the C R residue is quite different from that of archetypal PrxV. They found that EcTpx is homodimeric in solution independent of redox states although the dimerization is not required for catalytic reaction. They also found that EcTpx shows substrate specificity toward alkyl hydroperoxides over H 2 O 2 and, on the basis of catalytic efficiency, is the most potent reductant of alkyl hydroperoxides surpassing AhpC and BCP. In this study, we have determined the crystal structure of EcTpx in its oxidized state, demonstrating that Tpx is a second type of atypical 2-Cys Prx. It is the first structural example that shows the intramolecular disulfide bond formed in a Prx. The structure also helps us to explain why EcTpx exists as a stable dimer and shows the substrate preference for alkyl hydroperoxides with greater catalytic efficiency.
EXPERIMENTAL PROCEDURES
Crystallization and Data Collection-EcTpx was overexpressed, purified and crystallized as reported previously (25) . Crystals were obtained at room temperature using the hanging-drop vapor-diffusion method. For the crystallization, 2 l of reservoir solution (10% PEG4000, 20% 2-propyl alcohol, 50 mM Na-HEPES pH 7) and 2 l of protein solution (10 mg/ml) were mixed and equilibrated against the reservoir. Rod-shaped small crystals appeared within 3 days. Seeding techniques with macroseeds were essential to obtain large single crystals. With this procedure, crystals grew routinely to their full size of 0.10 ϫ 0.15 ϫ 0.85 mm. The crystals belong to the orthorhombic space group P2 1 2 1 2 1 , with cell constants of a ϭ 38.97, b ϭ 58.97, and c ϭ 127.59 Å. There are two molecules of EcTpx in the asymmetric unit. For phasing, three heavy atom derivatives were used. They were prepared by soaking the crystals for 7, 9, and 1 day, respectively, into solutions of mercury acetate, mercury chloride, and ethyl mercury chloride in which each heavy atom compound was dissolved in mother liquor at a final concentration of 3 mM. Both native and derivative crystals were flashfrozen at 100 K in a nitrogen stream before data collection, using 50% PEG4000 as a cryo-protectant. Data for native crystals were collected at ϭ 1.12714 Å using a MacScience 2030 image plate detector at the beamline 6B of the Pohang Light Source, Korea. Data for derivative crystals were measured on a Rigaku rotating anode (CuK␣ ϭ 1.5418 Å)ϪRaxis IV image plate system. Each data set was processed and scaled using the programs DENZO and SCALEPACK (26) .
Structure Determination and Refinement-The structure of EcTpx was determined by the multiple isomorphous replacement with anomalous scattering (MIRAS) technique. Location of the heavy atom sites, refinement of heavy atom parameters and calculation of the initial phases were performed with the program SOLVE (27) , including the anomalous scattering data in the resolution range of 30.0Ϫ3.0 Å. The initial MIRAS phases had a mean figure-of-merit of 0.60. Phases were improved with solvent flattening by using the program RESOLVE (28) . Model building was conducted using the program O (29), based on a poly(A) model generated by the program RESOLVE. The model was refined with the program CNS (30) progressively increasing the resolution to 2.2-Å. Five percent of the data were randomly selected to be set aside for the R free calculation. Water molecules were picked up from the difference map on the basis of the peak heights and distance criteria, and were discarded when thermal parameters after refinement were above 60 Å 2 . A summary of data collection, phasing and refinement statistics is shown in Table I . The stereochemical analysis using the program PROCHECK (31) showed that one residue is in generously allowed regions, and there is no residue in disallowed regions. Recent mass spectrometric analysis of EcTpx indicated the absence of the initiating methionine predicted by the tpx open reading frame (24) . In accordance with this data, there is clearly no electron density for this residue. The three C-terminal residues of Leu 166 , Lys
167
, and Ala 168 are disordered in the molecules A and B. The final model contains residues 2-165 in each EcTpx molecule, and 353 water molecules. The R-value of the final model is 18.8% (R free ϭ 24.6%) at 2.2-Å resolution. Structural figures were generated using the programs MOLSCRIPT (32) and RASTER3D (33) .
Molecular Modeling-The structure of dimeric EcTpx in the reduced state was modeled in the following manner. The initial model was manually built from the crystal structure of oxidized EcTpx using the program O and employing the structure of reduced StAhpC as a template. The model was optimized by 50 ps solvated molecular dynamics (MD) simulations and energy minimization using the program AMBER (34) . Atoms in the amino acid residues in the ␤-sheets 1-7 were frozen during the MD simulations, but energy minimization was performed without any constraints. Detailed protocols for MD simulations followed those previously reported (35) . The structures of oxidized PrxV and BCP were modeled in a similar way. A model for the reduced EcTpx-15-hydroperoxyeicosatetraenoic acid (15-HPETE) complex was constructed in the following manner. The structure of 15-HPETE in complex with a protein is not available yet. Thus the initial model of 15-HPETE was built based on the atomic coordinates of arachidonic acid in complex with adipocyte lipid-binding protein (PDB code, 1ADL). Then, 15-HPETE was manually docked into the putative binding site of reduced EcTpx adjusting its conformation. The initial complex model was extensively optimized as above.
RESULTS AND DISCUSSION
Overall Structure of Tpx-The crystal structure of EcTpx determined to 2.2-Å resolution (Fig. 1a) revealed that the enzyme is in the oxidized disulfide form, a stable intermediate in the catalytic cycle. EcTpx has a compact globular structure with a typical fold of the Prx family that is constructed around a seven-stranded twisted ␤-sheet surrounded by four ␣-helices (12) . When the C P residues are aligned, the N-terminal chain of EcTpx is longer by about 15 residues than those of other Prxs.
This extra chain folds into a ␤-hairpin composed of two antiparallel ␤-strands that are designated ␤N1 and ␤N2, respectively. Other ␤ strands are designated following those in other Prxs. The N-terminal ␤-hairpin is connected to the ␤1 by a 14 residue-long chain that is kinked at Gly 22 . The ␤2-strand is followed by a short segment of 3 10 -helix, then two ␤␣␤ units (␤3-␣1-␤4-␣2-␤5). A ␤-hairpin (␤6 and ␤7), connected to ␤5 by the ␣3 and a long loop, completes the ␤-sheet and leads to the ␣4, then finally to a disordered C-terminal chain. The Prx family belongs to the Trx superfamily. A Trx fold in the EcTpx structure is defined by a five-stranded ␤-sheet (␤5-␤4-␤3-␤6-␤7) that matches with ␤1-␤3-␤2-␤4-␤5 of Trx and by four flanking ␣-helices. The peroxidatic Cys 61 of EcTpx is located on the C p -loop before ␣1 and the resolving Cys 95 is on a chain, designated the C R -loop, which connects the ␣2 and ␤5. The remaining Cys 82 is located on the ␤4 and is quite distant (ϳ10 Å) from the active site.
The two oxidized EcTpx molecules in the asymmetric unit have nearly identical structures with minor exceptions. The superposed C␣ structures are shown in Fig. 1b Table I ). In particular, the cystine disulfides and several nearby residues have Bfactors almost twice the mean value. The conformational difference between the two independent molecules and the high B-factors indicate that the C P -and C R -loops possess high mobility. Nevertheless, the electron density of these flexible regions is relatively well defined as shown in the A -weighted 2F o ϪF c map (Fig. 1c) . High mobility of chains linked by the disulfide bond was also observed in the structure of StAhpC (13) .
At present 47 bacterial Tpxs can be identified in the most recent sequence databases by BLAST searches. These Tpxs are highly homologous (29Ϫ88% identity and 49Ϫ94% similarity) to each other with similar molecular sizes. The amino acid sequences align very well with little gaps or insertions (data not shown). All Tpxs contain seven strictly conserved residues. These include Gly 22 ( in EcTpx numbering). Additionally, 20 residues are conserved in more than 90% of 47 Tpxs and 21 residues are homologously conserved. In total, 48 residues, amounting to about 30% of the entire sequence, are highly conserved. These conserved residues are denoted by color in the EcTpx sequence (Fig. 2a) , and their positions are depicted on the EcTpx structure (Fig. 1c) . About 80% of them are situated on the central ␤-sheet and on one side of this ␤-sheet containing the active site. Since the conserved residues are located at either structurally or functionally important positions, it seems that all bacterial Tpxs assume an essentially identical fold and share the functional characteristics of EcTpx. Structural differences, if present, may be limited to some loop regions and the C terminus.
Comparison of Prx Structures-To date, eight crystal structures have been determined for the Prx members in various redox and oligomeric states, as summarized in Table II . Sequence identities and structural homologies between these Prxs are also listed in this table. EcTpx is structurally most distinct among the Prxs with known structure, as readily expected from its low sequence homology to other Prxs. When the structure of its monomer A is superposed with those of five typical 2-Cys Prxs, the equivalent C␣ positions overlay with an average r.m.s. of 1.4 Å for 100 out of 164 residues. For comparison, the structures of the typical 2-Cys Prxs are very similar to each other, about 150 C␣ atoms overlaying with an r.m.s. of 1.1 Å on average. The structure of EcTpx overlays with an r.m.s. of 1.5 Å for 100 C␣ atoms with that of PrxV (15), and 1.3 Å for 85 C␣ atoms with that of PrxVI (8) .
In this article, the structure of EcTpx is compared in detail with those of human PrxV and StAhpC representing the atypical and typical 2-Cys Prxs, respectively. It is worthwhile to note that the Tpx proteins, as well as AhpC, from E. coli and S. typhimurium are highly homologous, the sequence identity and similarity being 88 and 94% for Tpx and 98 and 100% for AhpC, respectively. Thus the structures of Tpx or AhpC from both bacteria should be nearly identical. Struc- ture-based sequence alignment of the three Prxs is presented in Fig. 2a . of EcTpx are the residues invariantly conserved throughout the entire Prx family independent of their types. It has been well established that the Thr, C P , and Arg residues constitute the catalytic triad (7). The Thr O␥ might position the thiol proton for abstraction by a catalytic base as yet unidentified, and the Arg might aid this by stabilizing the growing negative charge on the sulfur. Consequently, the pK a value of the C P residue is decreased and the nucleophilic attack on the hydroperoxide is facilitated. The pyrrolidine ring of Pro may limit the solvent and peroxide accessibility of the C P residue and shield the reactive C P -SOH intermediate from further oxidation by peroxides.
The superposed crystal structures of oxidized EcTpx, reduced PrxV and StAhpC in the reduced (C46S mutant) and oxidized states are shown in Fig. 2b . In these structures, the central ␤-sheets align very well and the conserved Arg as well as the Pro residue occupy essentially the same position. However, several regions show considerable conformational variations that depend on the types of the Prxs as well as their redox states. In the reduced PrxV and StAhpC, the C P -loops commonly assume the FF conformation and the C P -loopϪ␣1-helix regions align well. In the oxidized StAhpC, the C P -loop assumes the LU conformation exposing the intersubunit disulfide to the surface, but its ␣1-helix still coincides well with those of the reduced forms. In the oxidized EcTpx, the C P -loop assumes an LU conformation that is significantly different from that in the oxidized StAhpC. Its ␣1-helix is shorter with three less residues than and thus is considerably shifted from those in PrxV and StAhpC. The C␣(C P ) atoms in the FF and LU forms   FIG. 2. Comparison of sequences and structures of Prxs. a, structure-based sequence alignment of selected Prxs. The catalytic cysteine residues in each Prx are masked in color (yellow for C P and orange for C R ). Residues strictly conserved in all Prxs are boxed. In the sequence of EcTpx, conserved residues in bacterial Tpxs are denoted with the same color as in Fig. 1b . The secondary structural elements of oxidized EcTpx and reduced StAhpC are shown on top and at the bottom, respectively, of the aligned sequences. The figure was prepared using the program ALSCRIPT (40) . b, stereoview of the superposed Prx structures. C␣-traces of EcTpx, PrxV, oxidized AhpC and reduced AhpC are shown in green, red, blue, and purple, respectively. Only structurally variant regions are colored. Strictly conserved residues are depicted as ball-and-stick models, with oxygen in red and nitrogen in blue. Oxygen atom of the C46S mutant of reduced AhpC, which corresponds to the C P sulfur atom, is depicted as a large half sphere in red. Labels of the ␣-helices are those for EcTpx. In addition to the C P -loopϪhelix region, the three Prxs show considerable conformational variations at three different regions. One is the chain between ␣2 and ␤5 (in EcTpx numbering), which is designated L because it flanks the central C Ploop on the left from the viewpoint shown in Fig. 2b . The L chain contains the C R residue of EcTpx. Another is the chain between ␣3 and ␤6, which is designated R likewise and contains the C R residue of PrxV. The other is the chain between ␤7 and ␣4, which is designated S because it is involved in the formation of the substrate binding site in all three Prxs. The C R residue of StAhpC resides on the long C-terminal arm that undergoes a large conformational change during catalysis, as shown in Fig. 2b .
Disulfide Formation in Atypical 2-Cys Prxs-Intramolecular (or intrasubunit) disulfide has not been observed in Prxs before the present structure. The crystal structure of human PrxV determined in the reduced state has been the only available one for the atypical 2-Cys Prx. PrxV has three Cys residues (Cys 48 , Cys 73 , and Cys 152 ) and mutational studies identified Cys 48 and Cys 152 as the C P and C R residues, respectively (14) . Its structure revealed that the C P and C R residues are very far apart (13.8 Å) and it has been suggested that large conformational changes are required for the formation of a disulfide bond (15) . Sometimes PrxV is referred to as the 1-Cys Prx, probably taking into consideration the fact that Cys 152 is not always conserved in its homologues (37) .
To examine how the intramolecular disulfide bonds can be formed in Prxs, we have modeled the structures of the reduced EcTpx and oxidized PrxV, and compared them with their crystal structures. In the modeled structure of reduced EcTpx, the active site has the same geometry as those of the reduced PrxV and StAhpC, and the C P -loop assumes the FF conformation. The model suggests that the L chain containing the C R loop, which is bowed forming a disulfide bond in the oxidized state, changes its conformation in the reduced state so that the C Rloop also assumes the FF conformation making a helical turn. Consequently, the C R -loop moves away from the ␣1 while extending into the ␣2-helix, and the C␣ atoms of the C P and C R become separated by 12.9 Å in the reduced state. This separation is comparable to the separation of 13.8 Å observed in the crystal structure of reduced PrxV. The movement of the L chain in EcTpx is local and rather small, compared with the large conformational change that the C-terminal chain containing the C R residue undergoes in StAhpC to regulate the oligomeric state as well as forming a disulfide bond.
It can be readily expected that similar local conformational changes may occur while the reduced PrxV becomes a disulfide form. Indeed, modeling of the oxidized PrxV structure indicates that the disulfide bond can be formed comfortably if its C P -and C R -loops assume the LU and FF conformations, respectively. The difference between EcTpx and PrxV is that, in the oxidized disulfide state, the C R -loop in the R chain assumes the FF conformation in PrxV, whereas the C R -loop in the L chain assumes the LU conformation in EcTpx. Taken together, it seems that the atypical 2-Cys Prxs commonly employ local conformational changes (either helix-to-loop or loop-to-helix) of both C P -and C R -loops to change their redox states during a catalytic cycle. In all reduced Prxs, the C P -loops assume the same FF conformation. In the oxidized Prxs, however, the C P -loops have different LU conformations depending on the types of Prx due to differences in spatial locations of the C R residues. To create a disulfide bond from the reduced state, the C P -loop should unwind, rotating the C␣(C P ) atom ϳ120°about the ␣1 helical axis in EcTpx, 90°in StAhpC, and 60°in PrxV.
Classification of 2-Cys Prxs-Thus far, the Prxs have been classified as 1-Cys or 2-Cys types depending on the number of catalytic Cys residues, and the 2-Cys Prxs are further classified as typical or atypical types depending on whether the disulfide bond is formed between the two molecules or within a molecule (2, 5) . The typical 2-Cys Prxs are the largest subfamily, comprising bacterial AhpC, mammalian subfamilies PrxIϪIV, some plant Prxs, Tpx of yeast, and the tryparedoxin peroxidase of kinetoplastida. PrxV of atypical 2-Cys type is seen in mammals, bacteria, lower fungi and higher plants. Sometimes the Prx family is classified into five major molecular clades, treating bacterial Tpx and BCP as distinct subfamily members (2) .
BCP homologues have been found in archaea, bacteria, plants and animals, and are least characterized among the Prx members (2 (38) . Mutational studies explicitly identified Cys 44 as the C P and Cys 49 as the C R residues. S. lineare BCP was specifically designated PrxQ since the name BCP provides no functional insights. BLAST searches indicate that there may be either 1-Cys or 2-Cys types of BCP homologues and most of the 2-Cys BCPs may contain the C P TXXAC R motif. Modeling of the 2-Cys BCP structure indicates that both the C P and C R residues may be located on the ␣1-helix in the reduced state and, upon oxidation, the C P -loop would unwind to the LU conformation while the C P residue forms a disulfide bond with the C R residue still on the ␣1-helix.
Both Tpx and 2-Cys BCP are apparently distinct from PrxV, but they are also of atypical type in the context of the above scheme classifying the 2-Cys Prxs. These three Prxs differ from each other in the locations of their resolving C R residues. Therefore, it may be more appropriate to subdivide the atypical 2-Cys Prxs instead of classifying Tpx and BCP as independent molecular clades of the Prx family. From the structural viewpoint, it seems that the spatial locality of the C R residue in 2-Cys Prxs is limited to one of the four different locations around the C P , including the ␣1-helix, the L and R chains flanking the ␣1, and the C-terminal chain that comes from the other subunit and is situated on top of the C P -loop, as schematically shown in Fig. 3 . Then the disulfide bridge formed may be labeled an intersubunit for AhpC, an L-intrasubunit for Tpx, an R-intrasubunit for PrxV, and an intrachain for BCP. Considering the three-dimensional structures of Prxs, there would be no other distinct location available for the C R residue, and all 2-Cys Prxs should uniquely belong to one of these four classes. Thus we propose to classify the atypical 2-Cys Prxs into three subfamilies, designating Tpx the L-atypical type; PrxV, the R-atypical type; and 2-Cys BCP the C-atypical type (C stands for chain).
Quaternary Structures of 2-Cys Prxs-The Prx family members exhibit distinct quaternary structures depending on their subtypes and/or redox states (7, also see Table II ). 1-Cys PrxVI exists as a dimer in the C P -SOH intermediate state (8) . PrxV (15) and BCP (19, 38) of atypical 2-Cys type exist as a monomer independent of redox state. The typical 2-Cys Prxs show a variety of oligomeric states. In the oxidized disulfide state, PrxI (10) exists as a dimer while StAhpC (13) exists as a loosely associated decamer. Reduced TryP (12), reduced StAhpC (16) and PrxII (11) in the overoxidized sulfinic acid (C P -SO 2 H) state exist as a tightly associated decamer. In the typical 2-Cys Prxs, the formation of a dimer is a prerequisite for catalytic function. We may call this dimer a catalytic dimer. Recent analytical ultracentrifugation studies revealed that EcTpx always exist as non-covalent homodimers in solution independent of redox states (24) . Dimerization of EcTpx appears somewhat peculiar since it is not apparently required for the catalytic reaction in atypical 2-Cys Prxs.
In the crystal, the two EcTpx molecules in the asymmetric unit are related by 2-fold non-crystallographic symmetry (NCS), forming a dimer stabilized by hydrogen bonding and hydrophobic interactions (Fig. 4a) from the other. There are several water molecules between the two hydrophobic clusters. The modeled structure of reduced EcTpx indicates that the conformations of the C P -and C R -loops of each monomer are significantly changed from those in the crystal structure, but the overall structure of the dimer remains essentially unchanged consistent with results from analytical ultracentrifugation studies. Arg 93 and Arg 110 as well as Asp 57 are conserved in more than 75% of 46 known bacterial Tpxs and, in the remaining Tpxs, are replaced by residues such as Asn, Tyr, Gln, or Lys, all with hydrogen bonding potential. Thus it is expected that most, if not all, bacterial Tpxs may exist as dimers.
A portion of the decameric structure of reduced StAhpC (16) is illustrated in Fig. 4b for comparison. The AϪAЈ or BϪBЈ pair of subunits, each related by 2-fold NCS, is the catalytic dimer, in which the ␤-sheets of each subunit combine to form a 14-stranded twisted ␤-sheet fused between the respective seventh strands by hydrogen bonds, and the monomer-monomer interface is stabilized by further hydrogen bonds and hydrophobic interactions. This dimeric form, which is stable independent of redox states, is essentially the same for all typical 2-Cys Prxs. The catalytic dimer of StAhpC is structurally quite different from the EcTpx dimer. However, in the StAhpC decamer there are other kinds of dimeric interactions, for example, between the monomers A and B also related by 2-fold NCS. The AϪB dimer is very similar to the EcTpx dimer in their overall structures, but its interfacial interactions are quite different from those of EcTpx, being hydrophobic without any hydrogen bonds. The role of the C P -loop as a lynchpin holding the StAhpC decamer together has been well described in a recent article Shaded cylinders denote the ␣-helices and white cylinders denote the region that contains the C R residue and undergoes a loop-to-helix or a helix-to-loop transition depending on redox states. HOOR denotes the substrate. (13) . Briefly, when the C P -loop unwinds into the LU conformation upon oxidation, a loop (called region I) that precedes the C P -loop and contains residues 40 -44 pulls away from the interface, disrupting interactions made by Phe 42 and Phe 44 on the region I and disassociating the decamer into dimers. Thus the C P -loop acts as the molecular switch responsible for redox-dependent oligomerization. Phe 42 and Phe 44 are conserved in typical 2-Cys Prxs. Modeling indicates that, in EcTpx, the same region I-C P -loop undergoes similar conformational change, but restructuring of the dimer interface does not occur since EcTpx has Asp 57 and Gly 59 instead of Phe residues. In some typical 2-Cys Prxs, Thr residues in the interface have been implicated in regulating redox-sensitive oligomerization through phosphorylation (7, 39) .
Substrate Binding Sites of 2-Cys Prxs-A solvent accessible surface diagram of the EcTpx dimer in the oxidized state is shown in Fig. 4c . It clearly shows a large depression that can be readily recognized as the putative substrate binding site. The cleft becomes considerably narrower in the reduced state since the C P -loop moves inward forming a helical turn. The binding site in the modeled structure of reduced EcTpx is shown in Fig.  4d . Also shown together is a putative model of 15-HPETE that is docked into the binding site. In this study, modeling was done rather extensively for the apo enzyme, but not for the complex. A large flexible substrate such as 15-HPETE has many rotatable bonds and docking of 15-HPETE into EcTpx involves an exploration of the multidimensional configurational hyperspace, which is a formidable task. In this study, docking was performed manually although the optimization of the initial model was done extensively. Thus the geometry of the binding site itself seems correct, but the configuration of the bound substrate may merely represent a plausible binding mode. Nevertheless the model of the complex appears reasonable on the whole and helps to delineate the nature of the binding site of EcTpx.
The binding cleft of EcTpx is approximately L-shaped with the active site pocket at one end of the cleft and is extended to the monomer-monomer interface. long fatty acid hydroperoxides such as physiological 15-HPETE, not to mention small alkyl hydroperoxides such as t-butyl hydroperoxide. The extra N-terminal ␤-hairpin that is lacking in other Prxs plays a critical role in the formation of this well-defined binding cleft. The binding site of EcTpx seems self-explanatory regarding its substrate preference toward alkyl hydroperoxides over H 2 O 2 (17, 24) .
The putative substrate binding sites of StAhpC (16) and PrxV (15) , both in the reduced state, are illustrated in Fig. 4 , e and f, respectively, for comparison. The figures clearly show that the three Prxs significantly differ from each other in the shape and size of the putative binding site. In StAhpC, the binding site of the monomer A is formed by the monomers A, AЈ, and B. StAhpC lacks a chain corresponding to the N-terminal ␤-hairpin of Tpx and its S-loop is shorter by three residues than that of EcTpx. Therefore the binding site of StAhpC is wider than that of EcTpx and its overall shape is not so clearly defined as in EcTpx. The binding pocket in reduced StAhpC is partly covered by a long C-terminal chain from the monomer AЈ, which changes its position upon oxidation. In fact, the chain after Cys 165 is disordered in the crystal structure of oxidized StAhpC. StAhpC Fig. 4f is shown a benzoic acid that is bound to the small, hydrophobic pocket of PrxV in the crystal. E. coli BCP is also a monomeric protein and has an S-loop with the same length as that of EcTpx. These findings suggest that the binding site of BCP may be even smaller than that of PrxV.
On the basis of catalytic efficiency, EcTpx is the most potent reductant of alkyl hydroperoxides surpassing AhpC and BCP, the other E. coli Prx members (24) . The properties of the binding sites may be the major factor that affects the reactivities of these Prxs, since they share the same catalytic mechanism with the same active site. In AhpC, the binding site may exist in its entirety only in the reduced decameric form that requires assembly of the oxidized dimers during the catalytic cycle. This redox-regulated adaptation of oligomeric states may act as a deleterious factor for its reactivity toward lipid hydroperoxides. In contrast, EcTpx exists as a stable dimer and the preformed binding site may always maintain its integrity, which could be a favorable factor contributing to its catalytic efficiency. These structural characteristics fully support the previous notion that the central role of Tpx in vivo involves the reduction of complex physiological lipid hydroperoxides, whereas AhpC mainly reduces H 2 O 2 and also regulates H 2 O 2 -mediated signal transduction (20, 24) .
In summary, the present crystal structure of EcTpx in the oxidized state shows, for the first time, the intrasubunit disulfide bond formed in a Prx, demonstrating that Tpx is the second type of atypical 2-Cys Prx. The extra N-terminal chain uniquely present in pathogenic bacterial Tpxs folds into a ␤-hairpin making the overall structure very compact, and plays an important role in shaping the well-defined substrate binding site. Comparison of the crystal and modeled structures suggests that the chain containing the C R residue as well as the C P -loop may undergo redox-dependent loop-helix conformational change in atypical 2-Cys Prxs. EcTpx exists as a hydrogen-bonded dimer and, unlike typical 2-Cys Prxs, its C P -loop does not interfere with dimer formation assuming LU conformation in the oxidized state. The substrate binding site of EcTpx extends to the dimer interface, and its size and shape are particularly suited for long fatty acid hydroperoxides, in agreement with its greater reactivity compared with other Prxs.
